We applied voxelwise diffusion tensor magnetic imaging studying in a group of early adolescents born with very low birth weight (VLBW) who were currently without cognitive and neuromotor deficits. Our goal was to globally detect white matter alterations and explore their relationships with emotional-behavioral symptoms in this subgroup of VLBW adolescents. Subjects consisted of 24 adolescents: 12 VLBW adolescents (M:F=7:5, with average 13.1 years, birth weight of 998.3 grams and IQ of 86.8) and 12 healthy adolescents born full term (M:F=6:6, with average 13.7 years, birth weight of 3356.7 grams). Magnetic resonance imaging was performed on a 3.0T scanner to acquire diffusion tensor imaging data. Voxel-based analysis was performed on individual fractional anisotropy (FA) maps. Emotional behavioral symptoms were investigated with the Achenbach System of Empirically Based Assessment and parentcompleted Hyperactivity-Impulsivity-Inattention Rating scale. Differences between groups were analyzed. Relationships between emotional-behavioral symptoms and brain structures were explored. In the VLBW group, lower FA was observed in several white matter tracks, including the bilateral inferior longitudinal fasciculus, left superior longitudinal fasciculus, right superior corona radiate and bilateral cingulum. There were more emotional-behavioral symptoms reported in VLBW group and FA correlated negatively with the symptoms measures. We concluded that being born with very low birth weight might have lasting effect on white matter in adolescents who were without neurological or cognitive disabilities. White matter tract integrity index may be a biomarker of increased risk of emotional-behavioral problems in child development.
Introduction
Weight-based classification of newborns recognizes Very Low Birth Weight (VLBW) which is birth weight less than 1500 grams. Almost all neonates of VLBW deliveries are preterm and are vulnerable to major organ injuries. The impact on the brain as a result of prematurity includes a spectrum of grey matter and white matter (WM) injuries and is associated with delayed and/or disrupted maturation of
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Medical University Hospital, Taiwan. This cohort is registered in the level III neonatal intensive care unit of this hospital and the follow-up results on the functional outcomes of total sixty-one adolescents born 1996-1999 with VLBW had already been reported [15] . For this current MRI study, we made written invitations to children who were without neuromotor disabilities and were tested to be above 70 in full scale intelligence quotient by Wechsler Intelligence Scale [16] . Of the total 41 invitation we made, 18 subjects gave informed consents to participate and completed the brain scan. For every subject who had no noticeable findings on conventional T1/T2 image, DTI scanning was performed. However, six MRI studies had to be excluded from the final DTI analysis (three were excluded due to large signal dropouts and distortions in the DTI images by dental braces, and three were excluded due to unsuccessful sequence acquisition or image artifacts due to motion, impartial scans or incorrect slice position).
Healthy control adolescents were recruited through advertisement in the community. They were of term and normal birth weight, and without major disease or physical handicap. Formal intelligence tests were not arranged but they were all reported to be without learning or daily living problems by their parents. Interview with a psychiatrist was arranged for each control adolescent to rule out any diagnosable psychiatric condition.
The subjects included for the final DTI analysis consisted of 24 adolescents: 12 VLBW adolescents without overt physical, neurological and cognitive disability (7 males and 5 females, with an average age of 13.1 years and average birth weight of 998.3±218.8 gm) and 12 control adolescents born full term (6 males and 6 females, with an average age of 13.7 years and average birth weight of 3356.7515.2 gm). The average full scale intelligence quotient of the case group was 86.8±8.3.
Instruments

Child Behavior Checklist
Parents were asked to complete the Chineselanguage version of the Child Behavior Checklist (CBCL-Chinese) in the Achenbach system of Empirically Bases Assessment [17, 18] , based on the status of the adolescents in the 2 months preceding questionnaire completion. The CBCLChinese consists of 140 behavior/emotional brain cells [1] [2] [3] . Clinically, longitudinal studies investigating the VLBW cohort revealed a spectrum of severity of functional outcomes, which may include neuromotor and cognitive deficits in later childhood and adult life [4, 5] . Advances in perinatal care has led to improved survival rate and decreased prevalence of severe focal brain injuries but low intelligence quotient, poor executive function and academic outcome still are reported to be frequently associated with VLBW birth [6, 7] . Nevertheless, a proportion of the babies born with VLBW grew up to be grossly healthy without overt neurological and cognitive disability. In this subgroup of children, follow-up study will be of interest to see whether there is any noticeable brain condition worthy of clinical attention.
Magnetic resonance imaging is an excellent assessment tool for brain injury related to prematurity. Non-invasive brain imaging assessments of preterm infants into later years have confirmed that a wide range of subtle to severe injuries at birth may persist into adolescence and adulthood [8] [9] [10] . Diffusion tensor imaging (DTI), a technique capable of assessing the orientational dependence of the diffusion process of water molecules [11] , is powerful in visualizing and quantifying abnormalities in human brain WM connection in vivo. The information is obtained most frequently through the parameter of fractional anisotropy (FA), which describes the directional preference of diffusion process and is regarded as a measure of intra-voxel coherence in WM fiber direction, and therefore may reflect the integrity of axonal connections. Previously, deep grey matter abnormalities have been found in tandem with diffuse WM injuries among infants [12] , toddlers [13] and school age children [14] .
In this study, we applied voxelwise DTI in a group of early adolescents being born with VLBW but were without cognitive and neuromotor deficits currently. We hypothesized that the WM matter development would be different in VLBW adolescence from the control group. Possible relationship between the WM track of interest and emotional behavioral measures were investigated.
Materials and Methods
Subjects
This study reports on a subset of data from the VLBW cohort follow up at the Kaohsiung Effects of very low birth weight on brain white matter measured by voxelwise diffusion tensor imaging in adolescents without neuromotor and cognitive deficits items. Factor analysis can yield 8 syndromes, including aggressive behavior, anxiety/ depression, attention problems, delinquent rule-breaking behavior, social problems, somatic complaints, thought problems, and withdrawal. Three composite scales were computed, the internalizing scale (withdrawal, somatic complaints and anxiety/depression), externalizing scale (delinquent and aggressive behavior) and total problems (all syndrome scores).
Chinese-version of the Swanson, Nolan and Pelham IV scales (SNAP-IV)
Parents were asked to complete the Chinese SNAP-IV, which is a reliable and valid instrument for rating attention deficit hyperactivity disorder (ADHD)-related symptoms in both clinical and community settings. The psychometrics properties of SNAP-IV-Chinese in a Taiwanese context have been well established [19] .
MRI of the brain Data Acquisition
MRI scanning was performed with a 3.0T MRI scanner (Skyra, Siemens, Erlangen, Germany) using a 20-channel phase-array head-neck coil. After triplanar scans for slice localization, a high-resolution whole brain 3D T1-weighted magnetization-prepared rapid acquisition with gradient echo data (TR/TE/TI=2000/2.07/900 ms, matrix size = 256×256, number of sagittal slice = 160, and voxel size = 1×1×1 mm 3 ) and fast spin-echo T2-weighted images (TR/ TE=6000/99 ms, echo train length = 18, matrix size = 320×320, number of slice = 25, slice thickness = 4 mm, and in-plane resolution = 0.34×0.34 mm 2 ) were acquired. For all enrolled adolescents who had no noticeable findings on conventional T1 and T2 images, 3-repeated DTI data were further acquired using a spin-echo single-shot diffusion-weighted echo-planar pulse sequence with the following parameters: TR = 4200 sec, TE = 72 msec, matrix = 96×96, FOV = 240 mm × 240 mm, number of averages = 1, slice thickness = 3 mm, and 40 axial slices for wholebrain coverage, with the number of non-collinear diffusion direction = 30, number of b0 = 1, b-value = 1000 s/mm 2 , and total acquisition time for DTI was about 6 minutes and 30 seconds.
Data Processing
After correction for eddy-current distortion, a diffusion tensor was fitted with a least square estimation to calculate FA map on a voxel-byvoxel basis. For voxel-based analysis, individual FA maps were spatially normalized to an International Consortium for Brain Mapping FA template by using linear affine and nonlinear demon registrations [20] , respectively, to minimize global and local differences between the individual and template images. After normalization of all FA maps, the voxel-based analysis was performed by SPM8 (Wellcome Department of Imaging Neuroscience, London, UK) running on a MATLAB platform (MathWorks, Natick, Massachusatts). The 2-sample t-test was performed to reveal the differences in FA values between the VLBW subjects and normal controls. In addition, mean FA metrics from each of the identified ROI was calculated. The relationship between emotionalbehavioral measures and FA measures of ROIs were analyzed by Pearson correlational analysis. For VBA, a significant difference was reported if there was an uncorrected p<0.001 and cluster>100 voxels. For Pearson correlational analysis, a significant difference was reported if p<0.05.
Results
Emotional-behavioral measures
The VLBW adolescents scored significantly higher on social problems (p=0.008), attention problems (p=0.019), and total problem scores (p=0.022) than the controls in the parental reported CBCL. In addition, the VLBW group scored higher in the Inattentive subscale (p=0.007) and Hyperactivityimpulsivity subscale (p=0.012) than the control subjects as reflected in the parental reported SNAP-IV (Table 1) .
DTI finding
A significantly lower FA was observed in several areas of brain DTI (Table 2, Figure 1 ) in VLBW adolescents compared with the control group. These areas included the right superior corona radiata, bilateral posterior cingulum bundles, left superior longitudinal fasciculus (SLF) and bilateral inferior longitudinal fasciculus (ILF). No region indicated higher FA in the VLBW adolescents. Almost all the behavioral domains (i.e. social problem, attention problems, total problems, SNAP inattention, SNAP hyperactivity-impulsivity) showed a negative correlation with the FA values of the above identified region of interest (ROIs) ( Table 3) .
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Multiple regressions were conducted with behavioral scores (i.e social problem-CBCL, attention problems-BCL, SNAP inattention, SNAP hyperactivity-impulsivity) entered separately for four times as the outcome, and FA metrics from the six identified ROIs entered as predictors in a stepwise method. The results revealed that 1) the WM integrity of the right ILF is the predictor of social problems reported in CBCL: ILF was the only significant predictor for social problems in the model (F [1, 18] 
Discussion
Our cross-sectional study targeted on a subgroup, i.e. VLBW adolescents who were currently without cognitive and neuromotor deficits. The results showed lower FA in multiple areas of the brains of the subjects. The identified areas included the bilateral ILF (connecting the temporal lobe with the cerebellum), left SLF (a long bidirectional bundle connecting four lobes), right superior corona radiate (likely containing fibers from the SLF) and bilateral cingulum (a bundle of association fibers passing from the cingulate gyrus to the entorhinal cortex, encircling the corpus callosum). Our findings, albeit with very small sample size, corroborated the findings of European population-based cohort studies in demonstrating low FA values in brain areas of the VLBW subjects [21] [22] [23] . For example, one well-executed study found the VLBW adolescents had reduced FA values in the internal and external capsule, corpus callosum and superior, middle superior and inferior fasciculus than the age-matched controls [21] . However, not all studies on preterm and fullterm children find the significant difference by DTI scanning [24] . The difference in DTI finding may be explained by the subjects' characteristics and DTI algorithm. The abovementioned findings of DTI with difference comes from the study on 34 VLBW adolescents (average age of 15 years) with average IQ of 77.9 [21] . The above-mentioned findings of DTI without difference comes from the study on 18 VLBW children (average age of 8 years) with average IQ of 97 [24] . It is possible that WM connectivity had unique developmental trajectory during post-natal development in subjects being born with VLBW and awaits future large-scale study to elucidate. 
cognitive deficits
The identified WM tracts of lower FA in our study were previously implicated in imaging research on the pathophysiology of children with attention deficit hyperactivity disorder and were hypothesized to be of importance in subserving human attention [25] [26] [27] [28] [29] [30] . We also noted that this group of adolescents was with more emotional-behavioral-attentional problems as compared with age and gender matched adolescents of normal birth weight. The structural characteristics of WM and clinical symptoms were demonstrated to have relationship. The increased emotional-behavioral symptoms of our study group also corroborated with previous European population-based researches investigating the VLBW cohort [21, 22] . The Norwegian population-based follow-up study showed that VLBW adolescents had more psychiatric symptoms than controls, especially attention deficit, emotional, behavioral, social and academic problems [31] . Dahl et al investigated 99 families with VLBW adolescents aged 13 to 18 years and they found, from parents' point of view using the parental reported CBCL questionnaire, significant proportions of VLBW adolescents experienced more emotional and behavioral problems and less competence than normative adolescents [5] . Even though the severity and complexity of our subjects' symptoms did not meet full criteria of any psychiatric diagnose, the presence of these symptoms was issue of parental disciplinary concern, and hence these symptoms deserved clinical discussion and close follow-up.
The foremost limitation of our current study is a cross-sectional design targeting on a subgroup with very small sample size, and the subjects were recruited from the registry of a single institution. Conclusion draw from the results would be a preliminary one awaiting larger samples to replicate. Second, we used voxel base analysis (VBA) as an exploratory strategy because there were no hypotheses with regard to specific brain regions. VBA allows for whole-brain analysis, thus providing a complete overview of WM integrity in the brain. Generally, this analytic method renders researchers greater difficulty to detect differences between groups with small sample size. The fact that we still noted differences between groups was encouraging. Nevertheless, we applied uncorrected statistics in VBA to increase the sensitivity of WM abnormalities, thus a cautionary note was needed. In addition, recent studies of DTI on the myelination deficient model and demyelinated fibers indicate that FA might reflect predominantly axonal density rather than myelin content. Interpretation of FA may depend on factors other than directionality of water molecule movement, such as the presence of subvoxel fiber crossings and axonal density in the regions examined [32] . Future non-invasive assessment specifically targets against myelin content might be able to conciliate the current contradictory results from DTI researches.
Conclusion
In conclusion, being born with very low birth weight might has lasting effect on white matter in adolescents without neuromotor and cognitive deficits. FA index may be a biomarker of increased risk of emotional-behavioral problems in the development. It will be important to follow up the developmental course of children 
